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First-order phase transition in a highly correlated electron system can manifest as a dynamic
phenomenon. The presence of multiple domains of the coexisting phases average out the dynamical
effects making it nearly impossible to predict the exact nature of phase transition dynamics. Here we
report the metal-insulator transition in samples of sub-micrometer size NdNiO3 where the effect of
averaging is minimized by restricting the number of domains under study. We observe the presence of
supercooled metallic phases with supercooling of 40 K or more. The transformation from supercooled
metallic to insulating state is a stochastic process that happens at different temperature and time in
different experimental runs. The experimental results are understood without incorporating material
specific properties suggesting their universal nature. The size of the sample needed to observe
individual switching of supercooled domains, the degree of supercooling, and the time-temperature
window of switching is expected to depend on the parameters such as quenched disorder, strain,
magnetic field etc.
The inherent dynamics of a first order phase transi-
tion often manifests itself in the form of time dependence
in physical properties in a number of transition metal
oxides, for example, in VO2[1, 2], CMR manganites[3–
6], and nickelates[7, 8]. Recently a number of attempts
have been made to get an insight into the mechanism
of phase transition by limiting the number of domains
under study, which reduces the averaging that occurs
due to phase transition in multiple domains during the
time scale of measurement, and therefore, enables the
bulk measurements like resistivity to probe the effect
of the transition in individual domains. The resistivity
measurements on (La5/8−0.3Pr0.3)Ca3/8MnO3 (LPCMO)
nanowires show giant discrete steps in the metal to in-
sulator transition regime, the size and positions of these
jumps vary in different thermal runs[9]. Similar jumps in
resistivity have also been observed in VO2 thin films[10],
nanostrucutres[11] and nanobeams[12]. The existence of
multiple jumps in temperature scan of resistivity are at-
tributed to percolative transport in the limited number of
domains that have different transition temperature due
to quenched disorder[9, 11], but the random change in
the position and size of the jumps can not be understood
only on the basis of this proposition. The typical varia-
tion in the temperatures of resistance jump in different
thermal scans is around 3-8 K in LPCMO nanowires[9],
less than 1 K in VO2 nanostructures[11], and around 2-
5 K in suspended nanobeams of VO2[12]. The size of
resistivity jumps are observed to depend on strain[10, 12–
15], magnetic field[9], and device length[9, 11]. A deeper
understanding of the dynamics of phase transformation
process in the correlated electron system is required to
answer whether occurrence of multiple jumps at differ-
ent temperatures in different thermal runs is a generic
property of the first order phase transition or is a mate-
rial specific property. If it is a generic property then the
question of interest would be what microscopic mecha-
nism is responsible for such events, how these events are
connected with dynamical properties observed at macro-
scopic length scale, and how they depend on the param-
eters that control the phase transition in general.
The rare earth nickelate NdNiO3 undergoes a first or-
der metal-insulator transition at 200 K[16, 17]. This
metal-insulator transition has a large thermal hystere-
sis, and in the hysteresis regime, NdNiO3 exhibits time
dependence in physical properties[8] which makes it one
of the suitable candidate to probe the universality of the
occurrence of random resistance jumps and their possi-
ble implication on the dynamical effects at macroscopic
scale. We restrict the number of domains under study
by depositing micron size silver electrodes at sub-micron
separation. These electrodes are deposited on an NdNiO3
pellet that was earlier used in a time dependent study re-
ported in Ref. 8 to ensure that the sample in between the
silver electrodes have exactly the same microstructure as
that used in the earlier studies. This is important be-
cause the dynamical properties across a phase transition
depend significantly on sample microstructure such as
density of defects, crystallite size, strain etc[18].
Two silver contact pads of 1.5 mm× 1.5 mm connected
via a 100 µm wide silver strip are sputter deposited on
the polished surface of NdNiO3 using shadow masking.
Schematic diagram is shown in Fig. 1. The 100 µm silver
strip is ion milled using a focussed ion beam (Nova 600
Nano Lab FIB) to fabricate two 6 µm wide silver elec-
trodes separated by distance of 70 nm. A similar device
with silver electrode separation of 120 nm is also fabri-
cated. The SEM image of 6 µm wide contact electrodes
at 70 nm separation is shown in Fig. 2. The resistance of
these samples are measured by quasi-four probe method
and the rate of temperature ramp is fixed at 0.2 K/min.
The results of resistivity measurements performed on the
sample with 6 µm contact pads at 70 nm separation in
two consecutive cooling runs are displayed in Fig. 3. The
2Figure 1: Schematic of contact electrodes. The red
region represents NdNiO3 pellet while the blue
represents silver contact electrodes.
Figure 2: Scanning electron micrograph of 6 µm wide
electrodes fabricated at around 70 nm separation on the
polycrystalline NdNiO3 pellet.
resistance versus temperature curve for the two cooling
runs coincides above 200 K but follow different paths on
cooling below 200 K. On lowering the temperature below
200 K the resistance exhibits an overall growth indicat-
ing the occurrence of metal to insulator transition in the
domains confined between the silver electrodes, but this
growth is not smooth as in the case of bulk samples[8].
The initial growth in resistance is accompanied by tiny
jumps and dips, and below 155 K, the resistance jumps
become sharp with a maximum value of around 30 kΩ.
The typical crystallite size of NdNiO3 pellet is larger
than 100 nm, and therefore many of the crystallites in
between the contact pads form a direct bridge between
the pads. In this configuration, the temperature of high-
est order resistance jump exhibits the metal to insulator
transition in the last metallic crystallite directly bridg-
ing the pads[19]. The sharp jumps in resistance occurs
at different temperatures in consecutive cooling runs, for
example, the highest order resistance jump occurs around
98 K and 138 K in the first and second cooling run respec-
tively. See Fig. 3. This difference in the temperature of
highest order resistance jump shows that the last metallic
crystallite bridging the contact pads undergoes a metal
to insulator transformation at the temperature difference
of 40 K in the two consecutive runs. After two thermal
cycles the silver contact pads degrade and the data can
not be recorded for further cycles. Below 100 K, the re-
sistance follows the behavior of a band-gap insulator with
data of both runs almost falling on the same curve.
Similar set of resistivity measurements are also per-
formed with 6 µm silver contact pads milled at 120 nm
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Figure 3: Resistance versus temperature curves for the
6 µm × 70 nm sample in two consecutive cooling runs.
The black curve represents the first cooling run while
the red curve represents the immediately following
cooling run.
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Figure 4: Resistance versus temperature curves for
6 µm × 120 nm sample in seven consecutive cooling
runs. Each cooling run is shown in a different colour.
The inset (a) shows the temperature variation of
resistance in one of the heating runs. The inset (b)
shows the time evolution of resistance at 145 K in two
consecutive cooling runs. The inset (c) displays the size
distribution of resistance jumps observed in resistance
versus temperature data from all the seven consecutive
cooling runs
separation. These contact pads are relatively more stable
for thermal cycling. The results of resistance versus tem-
perature measurement up to seven consecutive cooling
runs are presented in Fig. 4. The resistance shows multi-
ple jumps of different size on approaching the percolation
threshold in the cooling runs, but as shown in inset (a)
of Fig. 4, no such resistance jumps are observed in the
heating run. The temperature of these resistance jumps
vary randomly on each cooling run which indicates the
stochastic nature of the underlying physical mechanism.
This is also confirmed by the results of time dependent
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Figure 5: Simulation results of 50 coherence volumes
sample in different cooling runs. Each cooling run is
shown by a different color. The volume to resistivity
conversion was done using parallel resistor networks.
resistance measurements (see inset (b) of Fig. 4) where
small jumps in resistance are observed at different times
in two consecutive cooling runs. The histogram in inset
(c) of Fig. 4 displays the size distribution of resistance
jumps collected from resistance versus temperature mea-
surements over seven cooling runs. The number of jumps
decreases rapidly as the jump size increases. The size of
resistance jumps for 120 nm contact pad separation are
much smaller than that seen in case of 70 nm, and in
contrast to 70 nm sample, these jumps are visible only
around the percolation regime. This suggests that the
current transport mechanism alters drastically on going
from 70 nm to 120 nm contact pad separation. For 70
nm separation most of the crystallites directly bridge the
contact electrodes making the current flow similar to a
parallel resistor network, but for 120 nm, the number of
non bridging crystallites dominate which shifts the cur-
rent flow mechanism from the parallel resistor network to
a complex combination of series-parallel resistors which
can be better analyzed by effective medium theory[20].
The resistivity measurements on the same NdNiO3 pel-
let, but with large number of crystallites have shown
that the metal insulator transition is broadened due to
the presence of quenched disorder that creates a local
variation in the transition temperature. The dynamical
measurements in the hysteresis regime show an increase
in insulating volume fraction with time at the cost of
metallic phases. These results are understood on the ba-
sis of the conjecture that the high temperature metallic
phase can exist in a supercooled metallic state below its
metal insulator transition temperature and the increase
in insulating volume fraction with time is an outcome
of stochastic switching of metastable supercooled regions
into stable insulating state[8]. A supercooled metallic
region undergoing switching as a single entity can be a
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Figure 6: Simulation results of 500 coherence volumes
sample in different cooling runs. Each cooling run is
shown by a different color. The volume to resistivity
conversion was done using the GEM equation. The
inset shows the size distribution of resistance jumps
taken from simulated resistance versus temperature
curves of the main panel.
crystallite or a part of it and will be termed as a ’co-
herence volume’ in the subsequent discussion[21]. The
switching of a supercooled metallic coherence volume to
insulating state is a two step process: The first step in-
volves the nucleation of a stable critical nuclei of insulat-
ing phase inside the supercooled region while the second
step involves the growth of critical nuclei[22], and if the
kinetics of the constituent atoms of the material is not ar-
rested then the growth of the critical nuclei is a relatively
fast process with typical time scale of the order of µs[23].
Therefore the timescale of the switching of a supercooled
metallic phase to stable insulating state is mainly deter-
mined by the time required for the formation of critical
nuclei.
For 70 nm electrode separation, our results show that
in two consecutive cooling runs, the last metallic coher-
ence volume bridging the contact electrode switches from
metallic to insulating state at 98 K and 138 K respec-
tively. The coherence volume switching at 98 K and
138 K may be same or different, but in both the cases,
the metal insulator transition temperature (TMI) of the
coherence volume should be equal to or above 138 K.
This is because if the switching in first run occurs at
the TMI then it should occur at TMI or below in both
of the cooling runs. The existence of the coherence vol-
ume in the metallic state up to 98 K, which is below
its TMI , gives a clear evidence of the existence of metal-
lic phases in the supercooled state with supercooling of
40 K or more. The results of 120 nm electrode separation
suggest that underlying physical mechanism of resistance
jumps is stochastic in nature. A jump in resistance is ex-
pected when a metallic coherence volume switches to the
insulating state. If this switching occurs at TMI then
4the jump should occur at the same temperature in differ-
ent cooling runs, but the random change in temperature
of jumps in different cooling runs show that the metal-
lic phases exist in the supercooled state with a varying
degree of supercooling. The arbitrary variation in the de-
gree of supercooling along with the randomness in time
taken for switching from supercooled to ground state at a
given temperature in different cooling runs suggest that
the transformation from supercooled to stable state is a
stochastic process.
The universality of the random resistance jumps in
the percolation regime of sub-micrometer size first or-
der transition systems can be established if the existence
of resistance jumps can be attributed to the stochas-
tic switching of supercooled coherence volumes invoking
only minimal material specific properties. The idea of
the universality of random resistance jumps is put to
test by calculating the resistivity of a representative set
of limited number of coherence volumes which mimic a
sub-micrometer size first order transition system. We
generate such a set of 50 and 500 ’coherence volumes’
whose temperature of the limit of metastability (T ∗) and
volume are distributed similar to that of bulk NdNiO3.
The resistivity of these set of coherence volumes is calcu-
lated by performing simulation on the basis of the model
used for calculating time dependent effects in Ref. 8.
The model states that the supercooled metallic coher-
ence volumes can switch to the insulating state stochas-
tically anywhere between TMI and T
∗. The probability
of transformation (p) is proportional to exp(−U/kBT )
where U is the energy required for the formation of crit-
ical nuclei of the insulating phase. U is maximum at
TMI , which decreases on lowering the temperature, and
vanishes at T ∗, and therefore the probability of transfor-
mation increases as T approaches T ∗. In different exper-
imental runs, a supercooled metallic coherence volume
may transform from the metallic to the insulating state
at different temperatures. The resistivity of the 50 and
500 coherence volume samples are calculated using the
parallel resistor network and effective medium theory re-
spectively. See supplementary material for the details of
the calculation. The resistivity results of the simulation
are shown in Fig. 5 and 6 and the pattern of temperature
dependence of resistivity for 50 and 500 coherence vol-
umes in different cooling runs replicate the experimental
results of 70 nm and 120 nm electrode separation respec-
tively. A comparison of the size distribution of resistance
jumps for 500 coherence volume (inset of Fig. 6) with
that of 120 nm electrode separation sample (inset (c) of
Fig. 4) show that they exhibit very similar trends. Since
no material specific property except the distribution of
T ∗, coherence volume size, and energy of nucleation is
used in these calculations, it shows that the existence
of the random resistance jumps in resistivity or in gen-
eral, the existence of random jumps in any other physical
property is the characteristic of any first order transition
system measured at the crystallite size scale.
A comparison of the results of Fig. 5 and 6 show that
an enhancement in the number of coherence volumes,
where each coherence volume has its own TMI , reduces
the size of resistivity jumps. The presence of quenched
disorder spreads the local transition temperature which
in turn reduces the size of coherence volume, and there-
fore, it effectively enhances the number of coherence vol-
umes in a given system. This will reduce the size of re-
sistance jumps. The maximum allowed variation in the
temperature of the resistance jump due to switching of
a particular coherence volume in different cooling runs
is TMI − T
∗, where TMI is the transition temperature
and T ∗ is the limit of metastability of that volume. The
presence of quenched disorder also reduces the energy of
nucleation of the stable phase inside the metastable phase
and this in turn reduces the possible degree of supercool-
ing (TMI − T
∗) i.e. the temperature range in which a
supercooled metastable phase can exist[18]. Therefore
the nanoscale samples with enhanced quenched disorder
will exhibit a small variation in temperature of resistance
jumps in different cooling runs and the size of these re-
sistance jumps will also be small.
In resistivity measurements of LPCMO nano-wires[9],
the size of resistivity jumps and the thermal hysteresis in
resistivity decreases on increasing the magnetic field and
finally vanishes at around 6 T. The decay in magnitude
of the resistivity jump suggests that possibly the size of
coherence volume decreases on cooling at higher fields in
LPCMO nano-wires while the decay in thermal hysteresis
indicates that the degree of supercooling of the coherence
volume also decreases on cooling at higher fields. In the
process of phase transformation, the size of coherence
volume within a crystallite is determined by (a) spatial
variation in free energy density due to variation in local
density of quenched disorder, (b) energy released due to
difference in free energy of metallic and insulating states
and (c) energy required for the formation of interface of
correlated volume[24]. If the applied magnetic field (or
pressure etc.) enhances the difference in free energy den-
sity of supercooled metastable and stable phases, which is
the case for LPCMO nano-wires where applied magnetic
field reduces the free energy density of stable ferromag-
netic metallic phases much more than that of supercooled
charge ordered antiferromagnetic insulating phases, the
size of coherence volume reduces as the energy is available
to form interfaces as favoured by the spatial variation in
the free energy density. An enhancement in the size of
coherence volume and resistance jumps is expected if the
applied field reduces the difference in free energy density
of supercooled and stable phases.
In summary, the observation of random resistance
jumps in the nano-structures of the first order transition
system establishes that the switching from supercooled
to stable state is a stochastic process. The dynamical
properties observed in first order systems originate from
5such stochastic switching. The degree of supercooling,
the probability of switching, the coherence volume of su-
percooled phases, and their number in a given sample
depends on the parameters such as density of defects,
magnetic field, pressure etc and therefore the size and
temperature variation of the random resistance jumps
can be tuned by these variables which opens up the possi-
bility of engineering these nano-structures for functional
purposes.
SUPPLEMENTARY MATERIAL
Simulation details
Two sets of 50 and 500 number of coherence volume
are generated with volume ratio uniformly distributed
between 1 and 6. In each set, the coherence volumes are
assigned a T ∗ in such a way that the temperature depen-
dence of the volume distribution of supercooled metallic
coherence volumes follow the pattern of the bulk sample
given in Ref. 8. The temperature variation of insulating
volume fraction in the cooling run (at a given cooling
rate) is calculated by lowering the temperature in step
of ∆T and switching the supercooled metallic coherence
volumes having T ∗ in between T and T −∆T to the in-
sulating state. This is followed by a time step ∆t during
which all the remaining supercooled metallic coherence
volumes are given a chance to switch to insulating state
isothermally. The details of the method and the parame-
ters used in simulation are described in Ref. 8. For small
samples, the connecting electrodes are very close to each
other and the coherence volume will form bridges be-
tween the electrodes as shown in Fig. 7 (a). The resistiv-
ity of such a nano-scale sample can be calculated using a
parallel resistor formula which can be written as,
1
ρ
=
fM
ρM
+
fI
ρI
, (1)
where fM is the metallic volume fraction, fI is the insu-
lating volume fraction, ρM is the resistivity of the metal-
lic regions, and ρI is the resistivity of the insulating re-
gions. When the size of the sample is relatively large,
there may be multiple coherence volumes between the
contact electrodes of the nanostructure (see Fig. 7 (b)).
These coherence volumes can be either in metallic or in-
sulating state and therefore the system between the elec-
trodes can be modelled as a binary macroscopic mix-
ture of two different electrical resistivities. In this case,
McLachlan’s general effective medium (GEM) equation
becomes a more appropriate choice for volume fraction
to resistivity conversion[20]. This is illustrated in the
following paragraph.
Fig. 8 shows the simulation results of the 50 coher-
ence volume sample. We can see that when parallel resis-
tor network is used for volume to resistivity conversion,
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Figure 7: Schematic of coherence volumes and contact
pads for different sample sizes. (a) When the sample
size is small most of the coherence volume make a
bridge between the contact electrodes. The equivalent
resistance can be calculated from parallel resistor
formula. When the sample is relatively large the
situation is as depicted in (b). In this case the GEM
equation is a more appropriate choice.
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Figure 8: Simulation results for the 50 coherence
volumes sample in a cooling run. The blue line shows
the resistivity obtained from the parallel resistor
network while the red line shows the resistivity obtained
using the GEM equation.
the last few jumps in resistivity are much bigger than
the others. These jumps are expected because the last
few metallic connections between the contact electrodes
break at these points. These big jumps are preceded
by flat plateaus in resistivity because in the plateau re-
gion the change in volume is zero and the resistivity is
determined by the last few metallic coherence volumes
bridging the contact electrodes. When GEM equation
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Figure 9: Simulation results for the 500 coherence
volumes sample in a cooling run. The blue line shows
the resistivity obtained from the parallel resistor
network while the red line shows the resistivity obtained
from the GEM equation.
is used for volume to resistivity conversion the resistiv-
ity jumps are of nearly same size. In Fig. 9 we show
the simulation results for 500 coherence volume sample.
Here resistivity obtained by parallel resistor network has
large jumps similar to that of 50 coherence volume sam-
ple but the resistivity obtained through GEM equation
is nearly smooth. Since the size of the resistivity jumps
in experiments are large when sample is small and van-
ishes on approaching the bulk, the parallel path network
is more appropriate for volume to resistivity conversion
for the 50 coherence volume set while the GEM equa-
tion is more suited for that of 500 coherence volume set.
The similar trend in size distribution of resistance jumps
in 120 nm electrode separation sample (inset (c) of the
Fig. 4 of the manuscript) and 500 coherence volume sam-
ple (inset of Fig. 6 of the manuscript) indicates that the
GEM theory gives a fairly accurate result for volume to
resistivity conversion of 500 coherence volume.
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